Abstract The carbon reinforced silicon carbide ceramic matrix composites (C/SiC) were brazed to Fe-Ni-Co superalloy (GH783) with Cu-Ti + Mo solder under vacuum at 1000°C. The influence of thermal shock (in air at 800°C) and environment temperature on mechanical properties of the joint were investigated. The joint between C/SiC composites and GH783 was dense, crack free, and was comprised of reaction layer, stress relief layer, plastoelastic layer, and diffusion layer. Thermal shock damage and oxidative damage were both existing after the thermal shock. Therefore, the flexural strength of the joint decreased dramatically with the increase of thermal shock times. After 5, 10, and 15 times of thermal shock, the flexural strength of the joint decreased to 42.9, 22.7, and 9.7% of the initial strength, respectively. The flexural strength of the joint decreased dramatically with the increase of environment temperature because of the thermal mismatch between C/SiC and the interface reaction layer. The flexural strength of the joint at 600, 800, and 900°C was decreased to 60, 39, and 29% of that at room temperature, respectively.
Introduction
Carbon reinforced silicon carbide ceramic matrix composites (C/SiC) are widely used as thermostructural materials in aerospace industries (i.e., thermal protection systems [1, 2] , advanced propulsion [3, 4] , and braking systems [5] ) due to their high thermal stability, low density, high specific strength, high specific modulus [6] , superior oxidation resistance [7] , good ablation resistance, excellent friction properties, and especially, the low failure rate [8] [9] [10] . However, the C/SiC composites are difficult to be machined into complex shapes and thus the traditional metal materials still play a primary role as thermostructural materials in real applications because of their high strength and good machinability. For improving the application temperature, metal is combined with C/SiC to form the thermal structural materials in which the metal acts as structural parts, while the C/SiC acts as thermal functional parts [11] [12] [13] .
In order to meet the requests of the new generation of thermal protection systems [14] and advanced propulsion systems [14, 15] , it is necessary to have a better understanding of the reliable joining of the C/SiC and metal materials. GH783 is a type of Fe-Ni-Co superalloy, which possesses great potential in gas turbine engines with higher application temperature since it is featured with excellent oxidation resistance, low coefficient of thermal expansion (CTE), and high strength at elevated temperatures [16] . Therefore, the application of thermostructural materials on C/SiC combined with GH783 will be promoted in advanced propulsion system. Our group has reported that the 2.5D C/SiC composites were brazed to GH783 with Cu-Ti + Mo composite filler, and the effects of Mo content on the microstructure and mechanical properties of the joints were investigated [17] . The GH783/2.5D C/SiC joints were generally applied to the high temperature environment. However, the influence of thermal shock and environment temperature on mechanical properties of 2.5D C/SiC/GH783 joint was not investigated and reported. In this paper, 2.5D C/SiC composites were brazed to GH783 with Cu-Ti + Mo composite filler and the influence of thermal shock and environment temperature on mechanical properties of the joint were investigated.
Experiments

Fabrication
The C/SiC used in this paper was 2.5D C/SiC (fabricated by Science and Technology on Thermostructural Composite Materials Laboratory, Northwestern Polytechnical University, China), the fiber preforms was achieved by multiple layers of straight weft yarns, and a set of sinusoidal warp yarns interlacing together [18] . Then, low-pressure CVI (chemical vapor infiltration) was employed to deposit a pyrolytic carbon layer on the surface of the carbon fiber as the interfacial layer with C 3 H 8 at 800°C. Finally, The SiC matrix was deposited by Methyltrichlorosilane (MTS, CH 3 SiCl 3 ). The morphology of 2.5D C/SiC brazing surface was shown in Fig. 1 . The metallic partner was GH783 with chemical compositions Ni-Co32.6-Fe25.6-Al5.65-Cr3.2-Nb2.75 (mass fraction, %). The physical and mechanical properties of 2.5D C/SiC and GH783 were shown in Table 1 .
The 2.5D C/SiC and GH783 were machined by grinding machine into bars with the size of 3 mm × 4 mm × 17 mm. The brazing surfaces (3 mm × 4 mm) of 2.5D C/SiC and GH783 were polished. The composite solder was named as Cu-Ti + Mo composite filler that was composed of Cu88.9 wt.%-Ti11.1 wt.% + 10 vol.% Mo. Namely, the ratio of mass of voids Fig. 1 Morphology of 2.5D C/SiC brazing surface Cu to Ti was about 8, and the volume fraction of Mo in the composite solder was 10%. The properties of composite solder were shown in Table 2 . The schematic of composite filler in joint was shown in Fig. 2 . The brazing process was carried out under vacuum condition (3 × 10 −3 Pa). The sample was heated to 800°C and kept for 60 min, and then the temperature continued to elevate to 1000°C and kept for 30 min. During brazing, an axial pressure of 10 MPa was exerted on the sample. The schematic of joint was shown in Fig. 3 .
Characterizations
Three-point flexural test at room temperature
With a cross-head speed of 0.5 mm/min, three-point flexural tests of the brazed joints were carried out by a universal testing machine (SANS, CMT4304). At least three samples were used to determine the flexural strength for each condition.
Thermal cycle test
The specimens were divided into four groups, each group with five samples. The four groups were carried out for thermal cycle test 0, 5, 10, 15 times, respectively. And then, the flexural strength of the samples was tested. The thermal cycle was performed in air by placing specimens which placed in an alumina crucible, into the muffle furnace at 800°C for 15 min, and then they were rapidly taken out to be cooled down to room temperature. After the temperature of the specimen dropped to room temperature, it was immediately sent back to the muffle furnace and start the next thermal cycle test. Such a thermal cycle test indicated that the specimens were thermally shocked for one time.
Three-point flexural test at environment temperature
The specimens were divided into three groups, each group with five samples. With a cross-head speed of 0.5 mm/min, the flexural tests were carried out at 600, 800, and 900°C under vacuum by a high low temperature tensile universal testing machine (KEIJIAN, KJ-1066).
Microstructure and phase analysis
The microstructure of the joints was examined by scanning electron microscopy (SEM, HITACHI, S-4700) coupled with energy-dispersive X-ray spectrometry (EDS, Genesis Apollo X). The phases in the joints were identified by X-ray diffraction (XRD, Bruker, D8 ADVANCE) [19] [20] [21] .
C/SiC GH783 17mm 17mm The microstructure and corresponding elements' area distribution images of the C/SiC/GH783 joint brazed with Cu-Ti + Mo solder were shown in Fig. 4 . The brazing process had been given in 2.1. The left in Fig. 4a ) was C/SiC, and the right was GH783. The bonding layer (also named joint) between C/SiC and GH783 was dense, crack free, and was comprised of A, B, C, and D regions.
Region A was the continuous reaction layer between Ti and C/SiC, which realized the effective bonding between C/SiC and solder. Region B was composed of Mo, Ti, and Cu. Mo particles with low CTE (5.1 × 10
) concentrated in region B could relieve the CTE mismatch between C/SiC and Cu-Ti solder. Meanwhile, Mo particles could gather Ti [12] , which could decrease the amount of Ti that reacts with C/SiC. Namely, Mo particles can effectively prevent the formation of thick reactive layer. The thick reaction layer would lead to large stress in the interface between C/SiC and reaction layer. Therefore, region B was named as the stress relief layer. Region C consisted of Cu and Ti to be a plastoelastic layer, which could relax the thermal stress due to the plastic deformation of this region. Region D was the diffusion layer of solder and GH783 to realize effective bonding between solder and GH783.
Influence of thermal shock on the joints
The influence of thermal shock times on mechanical properties of the joint was shown in Fig. 5 and Table 3 . The flexural strength of the joint after 5, 10, and 15 thermal shock times decreased to 42.9, 22.7%, and 9.7% of the initialize strength, respectively. It indicated that the flexural strength of the joint decreased dramatically with the increase of thermal shock times.
The influence of thermal shock times on the microstructure of the joint was shown in Fig. 6 . The joint was dense and crack free before thermal shock. After thermal shock test, many microcracks were produced beside the stress relief layer (as shown in Fig. 6b ). Although the Mo particles in the solder could relieve the residual stress for thermal mismatch between C/SiC and solder, the CTE of the C/SiC and solder could not match completely. Therefore, certain residual stress could be induced in the joint after thermal shock many times, and led to many cracks in the joint. The cracks were produced beside the stress relief layer and propagated into the bonding layer. When cracks propagated to the stress relief layer, the Mo particles in the stress relief layer made crack deflection (as shown in Fig.  6c ) that increased the crack propagation path and consumed more crack propagation energy. Therefore, the Mo particles could restrain the crack propagation and this is consistent with the finding of G. B. Lin [22] , which introduced Ti and C mixed powders in the Ag-Cu-Ti solder for in situ formation of TiC particles.
The microstructure and elemental analysis results of the interface between C/SiC and solder after thermal shock were Fig. 6 Morphologies of the joint a without thermal shock and b, c after five thermal shock times shown in Fig. 7 . As shown in Fig. 7a , c, after 5 thermal shock times, the dark gray area beside the cracks contained oxygen element. The cracks were generated by thermal shocks at the reaction layer, where the oxygen diffused, and resulted in the oxidation phenomenon near the cracks. Consequently, thermal shock damage and oxidative damage were both existing during the thermal shock. With the increase of thermal shock times, the number of the cracks increased for the thermal shock, which provided more paths for oxygen diffusion and resulted in oxidative damage more obvious. As shown in Figs. 7b, d , oxygen diffused the entire reaction layer after 10 thermal shock times. It indicated the reaction layer had been oxidized completely. With increasing the thermal shock times, the reaction layer between C/SiC and the solder was damaged severely. Namely, the connection strength of joint decreased sharply.
Influence of environment temperature on strength of the joints
The influence of temperature on mechanical properties for the joint was shown in Fig. 8 and Table 4 . The flexural strength of the joint at 600, 800, and 900°C was decreased to 60, 39, and 29% of that at room temperature, respectively. It indicated that the flexural strength of the joint decreased dramatically with the increase of environment temperature. However, the result of this research was consistent with other results [23] [24] [25] , which indicated that the connection strength of the joint decreased with the increase of test temperature. The fracture surfaces of joints under different temperatures were shown in Fig. 9 . At room temperature, the fracture surface presented stair-step, some parts of fracture occurred at the side of the solder, and some fracture at the side of the C/SiC (as shown in Fig. 9a ). It indicated that the bonding between the solder and the SiC was tight. The CTE of TiC and Ti 5 Si 3 , generated in the reaction layer (region A) [17] , was 8.2 × 10and 11.0 × 10
, respectively. However, the CTE of C/SiC is only 2.4 × 10
. With the increase of environment temperature, the thermal mismatch between C/SiC and the interface reaction layer led to stress concentration occurred nearby C/SiC. Meanwhile, the mechanical properties of solder will decrease at high temperature. Consequently, when the environment temperature at 600 and 900°C, the connection strength of the joint decreased dramatically and the fracture occurred near the side of the C/SiC (as shown in Fig. 9b, c) . It indicated that the primary weakest part of the joint was the interface between C/SiC and the interface reaction layer.
Conclusions
The C/SiC was successfully joined to GH783 with CuTi + Mo solder and the joint between C/SiC and GH783 was dense and crack free. The joint was comprised of reaction layer, stress relief layer, plastoelastic layer, and diffusion layer, and Mo particles in the solder could relieve the residual stress for thermal mismatch between C/SiC and solder. In addition, the flexural strength of the joint decreased dramatically with the increase of thermal shock times. With the increase of thermal shock times, the microcracks were observed beside the stress relief layer, oxygen diffused into the microcracks, which resulted in the oxidation of the area beside the microcracks and the damage the joints. The flexural strength of the joint after 5, 10, and 15 times thermal shock at 800°C were decreased to 42.9, 22.7, and 9.7% of the initialize strength, respectively. The flexural strength of the joint decreased dramatically with the increase of environment temperature, and the flexural strength of the joint at 600, 800, and 900°C were decreased to 60, 39, and 29% of that at room temperature, respectively. Fig. 9 Fracture surfaces of joint at a room temperature, b 600°C, and c 900°C
